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ANATYSTS OF A FCRM OF PEAK HOLDING CONTROL

By G. J. Delio

SUMMARY

A typical plant process was studied in which the output increased
with the input until a definite maximum was reached. Beyond that mexi-
mum, & sudden drop with an associsted inert zone occurred in the output.
Turbojet-engine operation in the vicinidy of stalled compressor perform-
ance is a processg of this type and was considered in detail.

The output, as it varied sboubt its maximm value, was subjected to
harmonic enalysis to determine signel possibilities, and the results
were used in the design of the control. A band-pass filter selected s
particular harmonic function and used it in & prescribed masnner as neg-
ative feedback to maintaln the input that produced meximm average
output.

This form of peak holding control, which is one method of obtaining
information from a pesk output for purposes of malintaining that pesk,
was studied for the following criteria: mseintenance of maximum peak
average oubput, minimum duration beyond peak output, quickness in re-~
sponse to reach peak condition, and type of stability.

The control investigated maintained an averasge ocutput less than that
realizsble when the inpubt was at the meximum value. The average output
was directly related to the perturbation amplitude, the magnitude of drop
occurring at the peak, and the width of the inert zone in the input. It
also depended on the center frequency and band width of the bend-pass
filter used to measure harmonic content.

- INTRODUCTION

There are certain processes in which the plent output increases to
a definite maximum as the input is increased. A further increase in the
input is followed by & sudden drop in the output to a value that may be
uneconomical and perhaps damaging. These processes are found in various
forms: mechanical, chemical, hydrodynamic, electrical, magnetic, and so
forth. The need for obtaining the maximm ocutput from these plants pre-
sents a problem in control, and the control of the described plant pro-
cess leads to a study of a form of peak holding control.
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Most controls try to maintain the output either constant or at g
prescribed change using error data (difference between desired output and
measured output) supplied continucusly in an uninterrupted flow. This
study is concerned with peak holding control of the described process.
The control 1s actuated by error data supplied intermittently and not
necesgarily at discrete moments equally spaced in tlme. The output is
sampled periodically, and the average input that causes the output to
be near 1ts maximum value 1s maintalned.

An example of the described plant process is the accelerstion of
gas-turbine engines. Compressor-discharge pressure Increases with in-

creasing fuel flow and reaches a maximum as campressor stall is approached.

At stall, the pressure suddenly drops. Becaﬁse of the relstion between
pressure increase and accelerating torque, a control that maintains mex-
imum pressure increase would alsc malntain maximum acceleration, or
nearly 8o. ’

A control of this process may be obtalned by superimposing a per-
turbation on the input fuel flow to determine the proximlty of stall.
The control would increase the average fuel flow toward the maximum and
probe for the maximum pressure at the perturbstion frequency untll the
sudden drop in output pressure is sampled. The drop into the undesirable
region of operation would determine the desired maximum fuel flow and
corresponding maximum pressure ratic across the compressor.

In order to facllitate the study of peak holding control, a function
generator was synthesized that similated the essential features of a
turbojet-engine compressor, in particular, the pressure drop and hyster-
esis at stall. Then a control was designed that selectied the information
from the simulator output that characterized the peak output and used it
in & manner prescribed to cause the simulator output to reach and remain
near its maximum average value. Both the simulator and control were com-
posed of units of an electronic differential analyzer.

The general cobjectlve of this report is a study of the character-
istics of the described form of peak holding comtrol. The control has
not yet been used in experimental turbojet-engine study. This study is
concerned with only one method of extracting the maximum smount of in-
formation fram a peak output for the purpose of maintaining that peek.
The criteria sought in this control process are: malntenance of peak
average output, minimum duration of time in undesireble operation, quick-
ness in response to commend to reach pesk condition, least amount of ex-
cursion in the undeeirable reglon, and type of stabillity.
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PROCEDURE

The investigation of control possibilities was performed by first
determining an idealized compressor function from a study of experimen-
tel pressure responses in the vicinity of the stall region. Then signal
possibllities were sought by performing a harmonic analysis on the pres-
sure output. The results of this harmonic snalysis were used as a guide
in & control design. The cormtrol was applied to the simulator, and an
analysis of control behavior was made. '

Anglysis

The compressor function was determined by a study of pressure re-
sponse and acceleration resulting from fuel-flow changes at constant-
speed conditions. . When the input fuel flow (with a superimposed pertur-
bation) is near the value corresponding to & maximm output, the result-
ing sudden pressure drop causes the oubtput ©o be rich in harmonics. A
Fourier anslysis of the pressure output in this region was used ass a
guide in the selection of usable informatlion for control synthesis.

Determination of compressor function. - As shown in figure 1(a),
the compressor-discharge pressure drops suddenly when the critical-
pressure ratlo is reached at stall. The speed shows an Instantanecus
change in acceleration. Both changes indicate stalled turbojet behsv-
lor. Their value at the time of stall represents the peak walues to be
mgintained. .

From this type of data, the plots of figures 1(b) and (c) were made.
Both the pressure change and acceleration, at constant-speed conditions,
increase with fuel flow. The increase becomes less as the fuel flow
reaches the value sufficient to cause stell. At stall, both the
campregsor-discharge pressure and acceleration decrease. The decreasing
radius of curvature shown on these figures indicates thet harmonic con-
tent in the outpubt should increase as the peak value is reached.

If the high-frequency fluctuastion during staell is ignored and aver-
age pressure ls substituted (fig. l(ag), if the pressure gain with re-
spect to fuel fiow (at constant speed) is assumed linear end to possess
the same slope throughout the speed range (fig. 1(b)), if surge behavior
is neglected, and if arbitrary values are used for an inert zone in the
fuel-flow input, then the idealized function shown in figure 1(d)
results.

This function describes an input fuel-flow level E} that produces

a linesr output pressure incresse AP at slope m until the stall
value AP 1is reached. At this point there is an instantaneous pressure
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drop Ap. (Symbols ere defined in appendix A.) For the case with an
inert zome in fuel flow, the output follows the path Indicated. Thus
the combination of the inert zone in fuel flow and the pressure drop
descrlbes a hysteresis loop. :

The idealized function defined for the cases with and without hys-
teresis describes a plant process that should gerve as a rigid test for
peak holding control. The constant slope up to the maximum value con-
tains no information that could warn of the impending sudden drop. The
sudden drop in the output must be sampled for this control to determine
the maximum value AP. On the other hend, 1f the slope decreased with
increasing input (fig. 1(b)), the control could hold at some minimum
positive slope without the need for sampling the sudden pressure drop.

The size of the inert zone indicated in figure 1(d) is arbitrary.
Its magnitude has not been definitely established. It could be rela-
tively small if the input were checked at the instant stall is sensed,
thus minimizing the amount of excess fuel dumped into the cambustors.
This excess, representing delayed combustion, would maintain the output
pressure after the controlled input fuel flow had been reduced. If fuel
flow were checked at the value producing maximm pressure, the only con-
tribution to hysteresis could be from aerodynamic considerations and
there would be none from the cambustion process.

Signal possibilities. - If, for mathemetical convenience, a test
signal A sin wpt is superjgposed on the input fuel-flow level when the
input level is well below Awp, the output will contain the fundamenEEl
frequency in undistorted form. When the average fuel flow is near Amg,

the output pressure AP will be distorted, as indicated in figure l(d
Assuming that the output f(t) 18 periodic, a Fourier series of the form

£(t) = %? + ZZ: &, Cos nt + zz: b, sin nt

n=1 n=1
mey be developed. Now assuming that for small excursions into the un-
deslraeble region the output depends an the parallel slope N = constant,
the Fourier analysis of the output ylelds

With hysteresis:

f(t)=(:m;f-éz?t(¢l-¢pz)] + Ena+%9-(cosq>2-coscpli| sin @ +

[ _J
sin no cog ng
%? ZE:lEcos ne, - cos n¢l) - - (sin ng, - sin n@l) ——?;-{}

n=2

s
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where
P = a)otl stall inceptlon angle
0 = aaotz stall recovery angle

No hysteresis:

f(t)={:m§-‘%?< -%]+(ma—%co_s¢l)sin¢+

4&p n cos n@ n sin n®
= (-1 + 1)sin n®; 0t (-1" - 1)cos n®y —a

n=2

For the case with no hysteresis, the average output pressure for a
particular input fuel-flow level Ve becomes

=m. 2R (2
LP mye > =

But since the maximum oubput pressure is

&P = mw

f+masin¢l

the loss in the average outpuf pressure becomes

AP T - 29
1-§-;=%sin¢l+é‘£-( — l)
X & Vi

The amplitudes of the various harmonics of f£(t) with no hysteresis
are plotted in figure 2 as functions of the stall inception angle ®,
or that instant of the fundamental period when maximum pressure 1s resched.
Figure Z(a) shcw:; that the ratic of average pressure rise to maximum
pressure rise AP/E decreases as the lncreasing average fuel f£low probes
into the stall reglon. The maximm amplitudes of the even hsrmonice de-
crease with Ilncreasing order, and the maximim occurs progressively close
to the gquarter-period time.

In figure 2(b) the amplitude of the first harmonic starts to de-
crease at the moment stall is experienced and becomes zero when stall
duration is for one-sixth of the period. A control based on this sign
reversal could maintain average fuel flow at a value that would cause
stall to be experienced during one-sixth of every period with a corre-
sponding loss in everage pressure increase. The amplitudes of the re-
maining odd harmonics become progressively small with increasing order.
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The mean-square value of each harmonic (fig. 2{(c)) camputed Ffrom
2 n 2 2
8, N\ atPn
4 2
1

decreases with increasing order, and the maximum value for the first
haermonic occurs closer to the guarter-period time. When either the odd
or even harmonic is at its meximum value, stall duration is for ﬂ/n

part of the period. Stall inception is &t %(:L - }ll-) part of the period.

The effect of swmming the harmonics is illustrated in figure 2(d).
The maximum value Increases and stall inception approaches the quarter-
period time. Thus, a control that used some function of the hermonic
content of the output as negative feedback could maintain the input fuel-
flow level near its meximum value. The mean-square values of the har-
monicse bear s ratio to each other, as shown in figure z(c). A partic-
ular choice of harmonics (fig. 2(d)) affects the remaining parameters in
a control; that 1s, the second harmonic is at a maximum when stall is
experienced for a guarter cycle of the test frequency, whereas the tenth
harmonic would need amplification but wauld be s maximum when stall is
experienced for only a twentleth of a cycle. The corresponding drop in
average output pressure, however, would be less.

Method of Control

The idealized function in figure l(d) was simulated by an emplifier-
diode circuilt using commercially available components of an electronic
differential anslyzer. The simulator was then used as a plant process
to be controlled. The control used a band-pass fllter that selected
particular harmonics from the output when stall wss experienced and used
them as negative feedback to reduce the fuel flow.

Simulation. - The nonlinear charascteristics of the compressor func-
tion were gimulated with the elements shown iIn figure 3. The firgt ele-
ment is a comparator. It compares the lmput with a reference limit Ea,

which is analogous to the maximum velue AP. When the input reaches
this value, the comparator output suddenly drops by an amount E,, which

is analogous to the sudden drop Ap following the meximm value.

The comparator serves as an input to a limiter (element 2). This
element has unit negative slope and limits its output to E2 when 1ts
input drops below -E5. The value Ep; i1s analogous to the Inert zone

in the input. When the limiter output 1s fed back positilvely, thus
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closing the loop, the camparator ocutput functions as z bistable multi-
vibrator of modified form, provided the input sweeps through a suitable
range. 1t has a hysteresis loop whose position and ares are independent
functions of the three variable parameters E,, E;, and Ez.

The input to the comparator also serves as an input to a limiter
with positive unit slope (element 5). Its output is limited at the val-
ue of meximum pressure rise Ez. When this output is summed (element 4)
with the comparabtor output, a function generator results that compares
closely with the idealized function of figure 1(d). The actual function-
generator output is shown In figure 4, and the detailed description of
the design is contained in appendix B. The simulator describes an input
fuel-flow change ey (volts) that produces a linear output pressure
change eg (volts) with a slope m until the stall value Ez 1is reached.
Here the output drops by the amount El (pressure drop) to an average
stall value and remains at this value for further increases in eq. For
decregsing ey, the output follows the path indicated to describe the
assumed hysteresis loop.

Method. - A sinusoldal variation In the input, when the input ey
is close to Ez, produces a pulse of duration t and helght equal to
El‘ If a control could manipulate the Input in an effort to minimigze
the pulse duration, 1t would maintain the plant process mostly in the
desirable region and would yleld an everage output near the meaximum vel-
ue ES' The information contained in the pulse must be used as gqulckly
end efficientiy as possible.

The frequency spectrum of a pulse is shown In figure 5. Most of
the signal power is localized at the low-freguency end. However, for
purposes of control, only the incresse in the output is of Iimportance.
The average output value is not required. The fundsmental freguency
(fig. 2(b)) presents difficulties in its use in comtrol. Also, the con-
tribution from the frequency range above l/f is ne ible. Thus only
those frequencies between the second harmonic snd 1/t are used in
control.

One possible control is shown schematically in figure G(a). The
simplified block diegram is shown in figure 6Cb). A band-pass f£ilter
selects the particulaer harmonic or group of harmonics from the sim-
lator output. This ocutput is rectified to produce the sbsolute value
|G(s)], which is then amplified by the amount K. The output of the
absolute-value device K|G(s)| exists only whem the pesk value of the
similator E3 is reached; otherwise, it 1s zero.

A forcing blas C, whose Integral produces a ramp veloeity that
drives the input toward the maximum value, is summed with the preceding
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output. The integral of this sum produces & ramp veloclty of C unite
per 7T seconds during the time existing before the peak value Ez 1is
sampled. When the peak value is reached, the generated signal produces an
average absolute value. This value K|G(s)|, present only when the peak
value is sampled, subtracts from the forcing biss to reduce the ramp
velocity. The ramp veloclty reduces to zero at the time the amplified
average absclute . value of the filtexr oulput is equal and opposite to

the forcing bias. Under this condition the peak value will be held.

The integrator output is summed with the perturbation A sin wot, and

this sum is used as the Input to the simulator; thus the loop is closed.
The controller output which manipulates the input ey into the simu-

lator becomes
e = zoh//%c - xla(s)])at + A ein ayt
using the constant given in figure 6(a).

The use of a perfect ideal filter and absolute-value device weas
assumed with the described theoretical control. The imperfect filter
does not completely separate the signal from the nolse environment.
However, a minimum-width band-pass filter, used in the control, can con-
siderably incresse the signal-to-noise retio. The imperfect filter, be-
cause of 1ts selectivity limitations, will also cause deviation from
theoretical control behavior. Thus, the entire control depends to a
great degree upon filter characteristics.

The filter behavior is described by Ffigure 7(a). The filter is e
comercially availasble unit having essentielly linear phase shift in the
pass band together with approximately zero-decibel Insertion loss. At
the minimum band width, the insertion loss 1s one-half. However, there
exist a delay time and build-up time that are inversely proporticnal to
the band width. They depend mainly on the slope of the phese functiom
within the pass band; that is, they increase with selectivity (ref. 1).

Filter responses to input pulses are shown in figure 7(b). The
ringing amplitude and time decrease with increasing center frequency
(fig. 7(v)}, 1eft) and increases with band width (fig. 7(b), right). The
emplified absolute values are also shown.

For the purposes of control only the higher harmonics generated at
the peak are desired. The direct-current and the fundamentel harmonic
yield only information characterizing the region below the peak value.
The left side of figure 7(c) illustrates the cut-off characteristics of
the filter. For a center frequency at the second harmonic and minimum
band width (the fundamentsl is chosen at 60 eps), the filter output was
considerably attenutated (fig. 7(c), left); at the third harmonic the at-
tenuation was practically complete. The other record (fig. 7(c), right)
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yield§ the absolute value of the filter outpuv when the input is a sig-
nal produced by the simmlator opereting near its pesk value under con-
ditions of hysteresis.

RESULTS AND DISCUSSION

The particular control described by figure 6 was "set up" on an
electronic differential analyzer for study and analysis. Variocus con-
trol variables were recorded during stable peak holding action, and
measurements were made of pesk average output end filter-output values
at the point of "best stgbility." The effect on stability of such de-
sign parameters as band-pass center frequency, band width, and loop gain
were determined; and genersl conbtrol action is discussed.

Typical Recordings of Conbrol Action

Seversl anelog solutions of the control are presented in figure 8.
An arbitrary forcing bias -C, which could be some control function such
as speed error in a gas-turbine engine, was integrated to supply & remp
velocity (fig. 8(a), trace 3). A perturbation was superimposed on the
remp (trace 5) which served as the input e; to the simmlator. The
similator output is shown as trece 4. When the output reached the msax-
imm velue Ez, wave trains appeared at the filter ocutput c¢{p) (trece 1).

The filter wes adjusted to minimm band width and a center fregquency of
the third harmonic. The asmplified absolute value of the filter output
appears as trace 2.

Control action cen be described as follows: Figure 8(a) is a re-
cording of important parameters when the cantrol is operating at the
best stabllity condition with moderste ramp velocity. Initially there
is a ramp velocity determined by the foreing biles and integrating rate.
The moment maximum output is reached, the action of the control starts
t0 reduce the ramp velocity to zero. The main stebllity criterion is
the vanishing of the integrand; that is, the forcing bias must be equal
and. opposite to the amplified average absolute wvalue of the fillter
output.

If the gain of the absolubte-value device is further amplified, a
higher forcing bies must be used to maeintelin the best stebility. This
1s illustrated in figure B(b). The resulting ramp veloclity is increased,
and the maximm output value is reached in less time. However, the in-
tegrator output beccomes more oscillatory.

The forcing bias need not be equal snd opposite to XK|G(p)]. When

it is less than the average sbsolute value of the filter ocutput (fig.
8(c)), the control behaves as though it is too semsitive to the sudden
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drop at maximum output. The resuiting filter output reduces the input
to the simlator faster than the forcing bias increases it. For the
particular conditions shown in this recording, the maximim output is
sampled on altermste cycles anly.

When the forcing bias is too large (fig. 8(d)), the control camnot
arrest the input when maximmm output is reached. The sampling of the
sudden drop in the output reduces the ramp velocity, but it is not re-
duced to zero. Eventuslly, the input drives the output completely into
the undesirable region of operatiom.

In figure 8(e), the sudden Grop in the output E, has been reduced.
The generated signal at the output of the absolute-value device also de-
creases. This result indicated a smeller value of forcing bias to mein-
tain best stability. The ramp velocity is considerably decreased.

The effect of hysteresis is shown in figure B(f). At the maximm
output, the ramp veloclity not only reduces to zero, but it is also made
momentarily negative. The recovery from the sudden drop occurs at a
latter part of the perturbation period and is equal to an output value
less than maximum.

In the hysteresis cases, it 1s posseible to obtain two stable peaks
(fig. 8(g)). This condition is due to the existence of a double value
in the rectified filter ocutput. There are two points at which the areas
per unit time under the rectifled filter output are equal; one point
exlsts for a short-pulse duration, the other for a longer-pulse
duration.

The analog solutions presented in figure 8 were recorded with gal-
vanometer elements. These elemente were not critically damped and had
dynamic behavior that caeuvsed overshooting following sudden drops in the
simulator output. An oscilloscope used in recording two simultaneous
functions during alternate periods (fig. 9) indicated that the dynamic
error was due 1o the recording equipment.

The upper photograph on the left side of figure 9 includes alternate
input and output values of the controlled simulator during peak stable
operation for no hysteresis. The lower photograph 1ls for s condltion of
hysteresis. The pressure drop and recovery from the drop are instanta-
neous. The duration in undesirsble operation (pulse width) is less for
the case of no hysteresis.

The upper photograph on the right side of figure 9 1llustrates the
relation between the controlled output of the simmlator when it is near
meximm and the output of the absolute-value device. The lower photo-
graph is a record of the same functions when the controclled output is
maintained at the second steble point. The pulse wldth covers nearly
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the entire cycle during which the simulstor is operating in the unde-
sireble region. The ringing time of the filter for thls case is less
than the pulse duration; that is, the transient caused by the sudden
output drop had time to completely attenuate before recovery was caused.

Meesurements of Average Values at Best Stability

The average simulator output and average absolute-value-device out-
put were measured at the peak values under comnditions of best stabllity
with gppropriate averaging meters. These values were measured to deter-
mine the effect of control design perameters on stabillty. The pasram-
eters varied were band-pass center frequency, band width, magnitude of
output drop at maximum output, wldth of inert zone in input, perturba-
tion amplitude, and gain of absolute-value device.

The data for Tigures 10 to 12 were obtained when the control was
acting in its most stable manner. This occurred when the forcing bias
was approximetely equal and opposite to the average output value of the
gbsolute-value device. The effect of varylng the band-pass center fre-
quency and magnitude of drop at meximum output El is shown in fig-

ure 10{a). The peak average output increases with band-pass center fre-
guency but decreases with increasing output drop. The output of the
absolute-value device decreases with increasing center frequency but in-
creases with increasing output drop. The maximm usable forcing bias

variles with the output of the absolute-value device. Thus, larger out-
put drops permit a faster ramp velocity but cause the peak average out-
put to reduce.

The effect of varylng the filter pass band wldth is illustrated in
figure lO{b). The peak average output decreases with increasing band
width and with the size of the inert zone in the input. The output drop
is kept comstant. The average output of the gbsolute-value device in-
creases with increasing band width and inert zone. This permits faster
remp velocities to be assoclated with the wider band wldths.

Hysteresis effects are shown in figures 11{a) and (b). The pesk
sverage output decreases with Iincreasing Inert zone and with increasing
output drop. The average ocutput of the sbsolute-value device remsins
essentially constant with variation of inert zone but again Increases
with output drop.

As the perturbation emplitude increases, the peak average output
decreases (fig 12) However, the average ocutput of the absolute-value
device, and hence the ramp veloclty for best stability, remains con-
stant. The time delay and lag of the actual filter, coupled with the
voltage drop ascross the diodes contained in the simulator (see fig. 17),
did not permit the pulse duration to reach zero. Therefore, the pertur-
bation amplitude must be at least equal to the inert-zone width for the
control to operate properly.

O
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The peak average output of the controlled simulator dld not vary
with the gain of the absolute-value device (fig. 15). The output of
the sbsolute-value device varies linearly with lts gain and allows the
ramp veloclty to vary accordingly.

Analysis of Control Behavior

The control is an example of a servo {including computor) operating
wilth pulse data (ref. 2). The control begins operating with an initial
error (forcing bias). Immediately after a drop occurs in the output, a
measurement is made and the error is decreased. After the next measure-
ment, the error is again decreased. Instabllity can result from either
overcorrection or undercorrection. Initially, the forcing bias is acted
upon by only the forward part of the loop. When the peak is approached,
the discontinuities present in the simulator produce pulse inputs to the
filter, and the loop is closed. Thus the control depends heavily upon
the performance of filters with pulse input data.

-The transfer function of the actual fllter used is given in fi
7(a). If, for simplicity, the filter is assumed critically damped (i.e.,
8ln wgt = wbt), its indicial response would be as shown in figure 14
(ref. 3). This theoretical solutlon sgrees with the measured solution
recorded in figure 7(b) as do also the absolute values. The daminant
feature of the response (sbsolute value) is an oscillation whose period
is short compared with the important time constant of the control sys-
tem, the integrating rate. The integral of the absolute value of the
filter response is given in figure 15. For at < 1, the inbtegral 1s
approximstely zero; for ot > 20, the contribution to the integral is
approximately zero. Thus the corrective value existing as feedback at
the time ot can be approximated as dead time plus filrst-order lag.
This corrective action exists only after a sudden drop in the ocutput is
experlenced. :

The continuous operation of the control loop can be used in study-
Ing stabllity during corrective action. Initlally, the forcing bias
provides a ramp Ilnput that drives the ocutput toward ltes maxirmum velue.
Superimposed on the ramp input is the perturbation signal A sin agt.
The instant the input reaches a value causing meximum output, the sudden
drop in the output Introduces a step Into the filter. This step pro-
duces the response given by figure 14, whose integral (fig. 15} becomes
the corrective value.

For pulses whose duration is short compared with the perturbation
period, the shape of the absolute value of the filter response resembles
that due to a step input. Therefore, for simplicity, a step input to
the fllter willl be considered.

——
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The ramp velocity (fig. 16) initially ie

at
1
= C d(at)
and the input to the similator at any time is the sum of this and the
instanteneous value of the sinusoldal variation. When this input is at
the maximum value, a step is introduced into the filter. The integral
of the absolute value of the filter ocutput 1s

ot
AT T

This integral acts to reduce the remp velocity to zero (end. of region 1).
At this time, the integrals are equal but opposite. Because the correc-
tive action exists omly during part of the perturbation period, the ramp
velocity must be made negative (region 2) to ensure that the input re-
meins below the value corresponding to maximum output.

The corrective integral (fig. 15) tends to a maximum value; the
ramp integral is constantly increasing. Therefore, the two Integrals
will again produce a zero ramp velocilty (end of region 2) . Thus, zero
ramp velocity occurs twice during each perturbation period if the forc-
ing biss is made equal and opposite to the average sbsolute value of the
filter output. This is the condition for best sbgbility.

If the corrective action is Insufficient, the conbtrol is unstable
in that it drives the output into the undesirable region (beyond pesk
output, fig. 8(d)). If the corrective action is too great, the control
willl cause operation below the peak output. Peak oubtput will not be
reached during every cycle of the perturbation period (fig. 8(c)).

When the corrective action is exactly sufficlent, the peak value will
be reached every perturbstion period (fig. 8{(a)). Proper operation thus
constitutes a sampling type of peak holding control.

SUMMARY OF RESULIS

A typical plant process was studied in which the output increases
with input wp to a certain maximm value, and further increases cause
the output to drop suddenly into an undesirable region of operation
(turbojet-engine operation In the vicinity of stalled compressor per-
forma.nce) . The informetion was Incorporated into a specially designed
function generator that similated the process. .



14 : OIS NACA RM E56B10

The simulstor was used to investigate the possibilities of a peak
holding type of control. Sinusoidal variations in the input to the sim- -
wlator resulted in a distorted variation in the ocutput when the ocutput
wag near lts peak value. The generated Informetion was used as negative
feedback to maintain the pesk value.

The control investigated mainteined an average ocutput less than
that realizable when the input was at the maximum value. The average
output was dilrectly related to the perturbation amplitude, the magni-
tude of drop occurring at the peak, and the width of the inert zome in
the input. It also depended on the center frequency and band width of
the band-pass filter used to measure harmonic content. The ramp veloc-
ity depended on the feedback path galn and magnitude of drop at the
pesk value.

3942

The control was stable for all ramp velocltles below some optimal
velocity that depended on both loop galn and megnitude of drop. At the
optimal setting, the ramp veloclty was maximum and the input had minimum
variation.

Lewis Flight Propulsilon Laboratory
National Advisory Committee for Aercnsutics “
Cleveland, Ohio, December 2, 1955
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APPENDIX A

SYMBOLS
perturbation amplitude, v
Fourier coefficients
forcing bilas, v
diodes

voltage

‘voltage simulation of Ap

voltage simulstion of inert zone in input
voltage simuletion of AP

corrective voltage, v

feedback voltage, v

instantaneous input voltage, v
ingtantaneous output voltage, v
functional relations

feedback path gain

average absolute value of f£ilter output, v
inverse Laplsce transform

slope, AP/Awe

engine speed, rpm or percent rabed
acceleration, rpm/sec

Fourier series harmonlcs

pressure change from equilibrium, lb/sq in.

maximum pressure incresse, 1b/sq in.

15
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average output pressure, lb/sq in.

pressure drop at meximm, 1b/sq in.

Leplace operator

perturbation period, sec

time, sec

fuel flow, Ib/hr

fuel-flow change from equllibrium, lb/hr or percent rated
input fuel-flow level

fuel flow corresponding to AP

filter parameter, radiens/sec

amplifier gain

integrator time constant

w /2, sec

band-pass-filter varisables

Wgt, radians or deg

gtall inception sngle, radians or deg

stall recovery angle, radlans or deg
band-pess-filter center freguency, radians/sec

perturbation frequency, radians/sec

3942
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APPENDIX B

COMFRESSOR SIMULATION

A typical engine waes studied for its pressure response to fuel-
flow changes wilth particular emphasis on 1ts stall behavior. The sharp
pressure drop st stall (fig. 1(a)), the associlated dead zone during stell,
and the hysteresis loop that the combingtion Implies was dupliceted by
an emplifier-diode circuit. A comparstor coupled to a serles output
limiter was connected in s closed loop to form a modified bistable mul-
tivibrator, and the response of the mmltivibrator was summed with an-
other series output limiter. The result was a functlion generator that
approximated, in a simplified manner, the Jynamic behavior of the
compressor.

The comparator reference voltage duplicates the stall point, and
the limiter determines the slize of the dead zone. The comperator also
determines the amount of the pressure drop. These nonlinear character-
istics were reproduced by amplifier-diode circuits. The circuits used
dlodes having a high back impedsnce to produce sbrupt changes In slope
that depend on the magnitude of one or more voltages. Diodes rather
than relays were used because they are faster and usually reguilre less
equipment. Diodes also permit the use of stabllized direct-current
computing amplifiers. The error introduced by dlode use is given in

figure 17.

The analyzer clrcult that simulates the instantaneous pressure
drop at stall is the comparator (fig. 18(a)). A varisble voltage E,,

which is a measure of the pressure drop at stall, figure 1, can be
turned on or off at & coincidence of two other variable voltages, Ez

representing the pressure increase at stall and e; representing the
input fuel flow. :

The comparstor is a switch that operates when the input voltage
e; equals the negative of the reference voltage (e, - ES)'_ If e; =0,
increasing positively, diode D, conducts and'clamps the output to
zero (within the error specified in fig. 17). When e; =Ez - &y, a
transition is initiated end D, stops conducting. Then, for & further
incremental increase Aei = B, the full amplifier gein produces an out-
put e, = -uE. The output incresses negatively until -pE = -E;. At

this velue D; conducts and clamps the output to -Eq. Further in-
creases in the input produce no further change in the output.
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Itf ey = 0, Incressing negatively, Dz conducts and clemps the out-
put to zero. Thus the comparator has zero gain in either of its two
gtable states. The output must be elther zero or -E, according to
whether the sum of the input and reference is negative or positive.
Duri?g the transition, the output slope is (70,000 for the smplifilers
used) .

In order to simlste dead zone (inert zone in fuel flow), a series
output limiter is coupled to the comparator output and the limiter out-
put is fed back to the comparastor input to form a closed loop (fig. 18).
The inert zone in fuel flow (approximated from such data as fig. 1) is
then determined by E,.

A series output limiter 1s deflned as an amplifier-diode circuilt
employing one or more diodes in the feedback path that decrease the
current through the summing node by diode conduction. It produces nor-
mal scale changing until same limiting velue of the oubtput is reached.
For the given circuit (fig. 18(b)), the output slope is negative. If
the input is positive, decreasing, the output 1s negative. As the input
passes through zero, Increasing negatively, the output passes through
zero, Increasing positively. When the input reaches a value for which
the output is Ej;, Dz conducts and thereby clamps the output to " Eo

for increasingly negative inputs.

The coupling of the series output limiter snd comparator to form
a closed loop (fig. 18(c)) forms a modified version of the well-known
bistable multivibrator. Im this circuit there is a hysteresis loop
whose position and area can be independently adjusted; that 1s, the
stall pressure Eg, the pressure drop E;, end the inert zone E,; can

be independently adjusted to the values determined from engine data.

If the input voltage is initlally negative, increasing positively,
and the feedback voltage €, is momentarily zero, Dy conducts to clamp
the output to zero. The output remsins zero until the input is equal
and opposite to -BEg (ei -'E3 = 0). At this velue the transition to the
other stable state starts. Then _Dz stops conducting. The output var-
ies scalerly, with slope -u, with the input until it reaches the velue

-El.

The series output limiter provides positive feedback e, to the
comparator. During the transition the comparastor output is limited to
the value E,. The feedback voltage does not disturb the comparstor

because it 1s positive and thus does not cause the value at the suming
Junction of the comparstor to go through zero. Therefore, the output of
the comparator remsins at -E; for further increases in the input.

3942
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As the input reverses direction (becoming less positive), the out-
put remalns clamped to -E; until e; + &, - E3 = 0. The comparator

thus switches at the lower value Ez - e, to zero output. The output
remains clamped at zero for all values less than Ez - e,. After the

transition, the feedback voltage again is zero, thus allowing the com-
parator to switch, in increasingly positive inpute, at the original val-
ue E5. Note that for =sl1 |El| < [Ezl the hysteresls loop remains
sqguare because the feedback voltage will not be limited by Dz for this
case. - -

In order to simmlate pressure response to fuel-flow changes, a
slope (fig. 19(a)) must be added to the multivibretor. As shown in the
figure, the ocutput slope is positive. If the input to the series ocub-
put limiter is negative, the output is negative, and both will be zero
gt the same time. For an input increasingly positive, the output will
also Increase positively until it reaches a value Ez. At this value

Dy conducts and clamps the output at E3 for further increases in the
input. : - . -

When the outputs of the limiter and compersbtor are summed, a func-
tion generator is formed that simuletes compressor dynamic behavior. If
the comparator switches at Ez and the limiter also limits at Egz, then
for any set values of E;, Eg, and Ez an independent veriable serving
as & simultaneous input to both the comparstor and limiter results in'an
output function as shown in figure lQ(a). Specificelly, if the input is
fuel flow (100 v = 10,000 1b/hr), the output is the negative of the "
compressor-discharge pressure (100 v =10 1b/sq in.). The slope at 0.0l
(1v/sq in.)/(ib/br) would be the pressure fuel-flow gain at constant
speed (fig. 4).

The theoretical function-generator performance is shown graphically
in figure lQ(b). The proposed function generator was set up on a 4dif-
ferential analyzer, and the actual oubtput of the simulator is shown in
figure 3. The voltage drops across the dlodes, as shown in figure 17,
are in evidence. Under the worst conditions the departure from the
ideal response is on the order of 1 volt. When referred to a machine
unit of 100 volts, thls represents an error of 1 percent.
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APPENDIX C

INSTRUMENTATION
Three separate recorders were used for solution recording:
(1)} A continuocusly recording oscillograph to record time histories

(2) An oscilloscope to record instantaneous functions at two suc-
cesslve periods

(5) A functlon plotter to record the steady-state relation between
an input and ocutput function

Oscillograph

A standard oscllilogreph with galvanometer elements and light-
sensitive paper was used to record time histories. The computing ampli.-
fier rating of 5 milliamperes and renge of 100 volts dlctated a mininmum
load 1mpedance of 20,000 ohms. Galvanometer elements with a damped sen-
sitivity of 2 inches per milliampere were used to provide a gradient of
40 volts per inch on the paper.

Oscilloscope

A standard, 5-inch, single-beam oscilloscope was used with a blue
fluorescent tube having minimum phosphorescence. In conjunction with a
Polaroid csmers, transients were recorded that had a duration of one
period of the disturbance function. TIwo successive periods were dis-
played on the single-beam cathode-ray tube by using an electronic switch
and adder.

A sweep generator (fig. 20) operating at the test frequency of the
control triggered a flip-flop circuit. The Eccles-Jordan trigger cir-
cult driven from the sweep generstor had cathode-follower outputs end
produced a 30-cps square wave, that is, half the basic repetition rate.

Two particular solutions, occurring at successive periods (figs. 7
end 9), were displayed on the scope by the arrangement shown. The sgig-
nal input from the swiltch turned on each of a pair of diodes on alter-
nate cycles. Fach of the two inputs was connected to a diode through a
unit-gain (varisble) amplifier. A signal from the other side of the
switch was added to the two diode outputs. An adjustable resistor (sep-
arator) cauged the displays from the two input slgnals to separate ver-
tically on the cathode-ray tube. The signal path through the switch was
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direct-coupled, thus the signals were swltched provided the separasting
resistor was adjusted for zerc separation. However, there was some
noticegble switching transient.

Function Plotter
The function plotter was commercisl equipment that had a writing
speed of 12 inches per second on both axes. This plotter produced such
figures as figure 4.
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(b) Pressure change due to fuel-flow change at constant speed

in vicinity of stall.

Figure 1.

- Continued.

Typlcal turboJet-engine performance.
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Figure 1. - Concluded. Typical turbojet-engine performance.
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Similator Filter
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(a) Problem board wiring.

Fligure 6. - Pesk-holding-control loop.
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Flgure 9. - Simulator and filter outputs at steble conditions.
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Figure 10. - Effect of filter parameters on measured system variables. Fundamentel frequency, ug m 120%;
pressure at stall, By = 50 v; sinugoidal amplitude, A = 10-/Z v; gain in feedback path, K = 20,
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Figure 10. - Concluded. - Effect of filter parameters on measured
gyaten variables. Fundamental frequency, g = 120n; pressure at

stall, Bz = 50 v; sinusoidal emplitude, A = 10-/2 v; gain in feed-
back path, K =« 20.
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Figure 1l. - Effect of hysteresis on measured system variables. Fundamental frequency, ay = 120n; pressure at atall,

B3 = 50 v; sinusoidal emplitude, A = 10—\/5 v; galn in feedback path, K = 20; filter center frequency, & = 10my;
minimum band width.
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Figure 11. - Concluded. Effect of hysteresis on measured syotem variebles. Fundamental frequency, ayp = 120n; pres-
gure at stall, E3 = 50 v; simueoldal amplitude, A = 10-J§ v; galn in feedback path, K = 20; filter center Irequency,
0, = 10my5 minimm band width.
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FMigure 12. - Effect of ainusoldal amplitude on measured system variebles. Fundamental fre-
quency, o » 120x; pressure drop at gtall, E; = 50 y; hysteresis, Ep = O; pressure at stall,

Ez = 50 v; gain in feedback path, X = 5; Pilter center frequency, w, = 10mg; filter bend
width, 2ny to 20ay.
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Figure 13. - Effect of feedback path guin on mesasured system variables. Fundamental frequency, ay = 1207; hysteresis,

Eg = 0; pressure et stall, B3 = 50 v; sinusoidal smplitude, A = 10-,/5 v; fllter center frequency, @, = 100 ; minimum
filter band widts.
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Figure 14. ~ Indicial response of filter.
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Flgwe 15, - Time integral of absolute value of filter indicial response.
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Flgure 16. - Theoretical behevior of pesk holding control.
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Figure 17. - Limiter charactariztics, showing error introduced by finite diode impedance.
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(c) Bistable wiltivibretor.

Flgure 18. - Modified bistable multivibrator possessing a hysteresis loop whosae position and arss can be indepenfently
adjusted. R, 0.1 megohm.
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Figure 12. - Thecratical fupction generator that simulates compressor belavior at stall st constant-spaed

eonditicns.
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Figure 20. - Arrangement for independent gsin adjustment and simultanecus display of
two solutiona.
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